ABSTRACT: Urea kinetics were measured in 2 experiments, with treatments designed to change protein deposition by the animal. Our hypothesis was that increased protein deposition by cattle (Bos taurus) would reduce urea production and recycling to the gastrointestinal tract. Urea kinetics were measured by continuous intravenous infusion of 15 N 15 N-urea followed by measurement of enrichment in urinary urea at plateau. In Exp. 1, 6 steers (139 kg) were maintained in a model in which leucine was the most limiting AA. Treatments were arranged as a 2 × 3 factorial and were provided to steers in a 6 × 6 Latin square design. Leucine treatments included 0 or 4 g/d of abomasally supplemented L-leucine, and energy treatments included control, abomasal glucose infusion (382 g DM/d), or ruminal VFA infusion (150 g/d of acetic acid, 150 g/d of propionic acid, and 50 g/d of butyric acid). Leucine supplementation increased (P < 0.01) N retention, and energy supplementation tended to increase (P = 0.09) N retention without differences between glucose and VFA supplements (P = 0.86). Energy supplementation did not strikingly improve the effi ciency of leucine utilization. Although both leucine and energy supplementation reduced urinary urea excretion (P ≤ 0.02), treatments did not affect urea production (P ≥ 0.34) or urea recycling to the gut (P ≥ 0.30). The magnitude of change in protein deposition may have been too small to signifi cantly affect urea kinetics. In Exp. 2, 6 steers (168 kg) were maintained in a model wherein methionine was the most limiting AA. Steers were placed in 2 concurrent 3 × 3 Latin squares. Steers in one square were implanted with 24 mg of estradiol and 120 mg trenbolone acetate, and steers in the other square were not implanted. Treatments in each square were 0, 3, or 10 g/d of L-methionine. Implantation numerically improved N retention (P = 0.13) and reduced urea production rate (P = 0.03), urinary urea excretion (P < 0.01), and urea recycling to the gastrointestinal tract (P = 0.14). Effects of methionine were similar to implantation, but smaller in magnitude. When protein deposition by the body is increased markedly, ruminally available N in the diet may need to be increased to offset reductions in urea recycling.
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INTRODUCTION
Urea transport across ruminal epithelium is energy-independent (Abdoun et al., 2007) , and urea recycling increases in response to increases in blood urea concentrations (Kennedy and Milligan, 1980) . The urea gradient between blood and ruminal lumen is largely dependent on plasma urea-N (PUN) because luminal urea concentrations are negligible due to microbial urease (Muscher et al., 2010) . Urea transport capacity across the ruminal epithelium is affected by luminal pH (Abdoun et al., 2010) , luminal ammonia (Lu et al., 2011) , and dietary protein (Harmeyer and Martens, 1980; Muscher et al., 2010) .
Concentrations of PUN are affected by various factors, including body protein deposition. With more protein deposition, fewer AA are catabolized and less N is detoxifi ed as urea. Brake et al. (2011) suggested that greater amounts of protein accretion in steers fed zilpaterol might reduce urea recycling to the gut, but unexpected treatment effects on N intake made interpretation diffi cult. Schroeder et al. (2007) demonstrated that N balance responses to supplemental energy were modest in 150-kg steers limited by leucine supply; N balance was increased only 1.3 g/d when 1.9 Mcal of GE/d was supplemented to steers receiving 0 or 4 g/d of leucine. In that study, energy was supplied as a mixture of ruminal VFA and abomasal glucose, and differences between energy sources were not evaluated. Ruminally fermented energy sources can alter ruminal pH, which might affect urea recycling. Experiment 1 was conducted to evaluate effects of energy source on leucine utilization by growing steers and to determine if effects of energy sources on PUN or ruminal pH were related to urea recycling.
Steroidal implants increase protein deposition in cattle (Reinhardt, 2007) . Experiment 2 was conducted to evaluate the effects of implants on methionine utilization and urea kinetics. Our hypothesis was that increased protein deposition would reduce urea production and urea recycling.
MATERIALS AND METHODS
Procedures involving animals were approved by the Kansas State University Institutional Animal Care and Use Committee.
Experiment 1: Effects of Leucine and Energy Supply
Animals and Treatments. Six ruminally cannulated Holstein steers (139 kg initial BW) were used in a 6 × 6 balanced Latin square design with 7-d periods. The steers were housed in individual metabolism crates to allow for total collection of urine and feces with continuous lighting and controlled temperature (22°C). The animals had continuous access to fresh water and were limit-fed a diet based on soybean [Glycine max (L.) Merr.] hulls (Table  1) Gly. This basal infusion was designed to provide all essential AA except Leu in excess of the requirements of the steers. Amino acid solutions for each steer (4 L) were prepared daily. All steers received 10 mg/d of pyridoxine·HCl, 10 mg/d of folic acid, and 100 μg/d of cyanocobalamin mixed with the abomasal infusate to avoid defi ciencies in those vitamins (Lambert et al., 2004) . In addition, all steers received a basal infusion of 150 g/d of acetic acid, 150 g/d of propionic acid, and 50 g/d of butyric acid into the rumen as energy sources that would not affect microbial protein synthesis. The VFA were infused as free acids and mixed with water such that the total weight of the ruminal infusate was 4 kg/d.
Treatments were arranged in a 2 × 3 factorial and included abomasal infusion of 2 amounts of L-Leu (0 or 4 g/d) and 3 energy treatments: i) none (control), ii) 382 g/d of glucose DM infused continuously into the abomasum, or iii) 350 g/d of VFA (150 g/d of acetic acid, 150 g/d of propionic acid, and 50 g/d of butyric acid) infused continuously into the rumen. The glucose provided 1.42 Mcal GE/d, whereas the VFA mixture provided 1.56 Mcal GE/d. Leucine and glucose were mixed with the basal AA mixtures infused abomasally. Supplemental VFA were added to the basal ruminal infusions of VFA. A peristaltic pump and polyvinylchloride tubing (2.4 mm i.d.) were used to infuse solutions into the rumen and abomasum. Abomasal lines were placed through the reticulo-omasal orifi ce and into the abomasum, and were retained by a rubber fl ange (8-cm diameter) attached to the end.
On d 2 of each period, a temporary indwelling catheter was placed into an ear vein for infusion of 15 N 15 N-urea to measure urea kinetics. Sterile saline solution was infused continuously after catheters were placed until continuous infusion of the 15 N 15 N- urea solution (100 mL/d) began on d 3 and continued through d 7 of each period. The infusion of the 15 N 15 Nurea solution delivered 0.48 mmol of urea-N/h via a programmable syringe pump. The 15 N 15 N-urea solution was prepared using sterile techniques in a laminar fl ow hood by combining 3.6 g of 15 N 15 N-urea (99%) with 1 L of sterile saline solution (0.9% NaCl). The solution was passed through a 0.22-μm fi lter (Sterivex; Millipore Corporation, Billerica, MA) into a sterilized glass container. A sterilized rubber septum was crimped onto the container after fi ltration, and the solution was stored at 4°C until use. The 15 N 15 N-urea solution was prepared immediately before the infusion for each period.
Sample Collection. Each experimental period consisted of 2 d for adaptation (validated by Schroeder et al., 2006b) and 5 d for sample collection. Samples of feces and urine from d 3 through 6 were pooled by steer and used to measure N balance. Feed and ort (if any) samples were collected from d 2 through 5 of each period (to correspond to urine and fecal samples collected from d 3 through 6), composited by period, and frozen (-20°C) for later analysis. Total urinary output was collected daily into buckets containing 900 mL of 10% (wt/wt) H 2 SO 4 to maintain pH below 3. The metabolism crates contained a funnel beneath an expanded metal fl oor over the center of the crate which directed urine by gravity into the bucket beneath the crate; feces were collected in a pan behind the steers. Collection vessels for urine and feces were removed daily and weighed. Urine samples were mixed thoroughly, and then 1% of daily output was sampled and frozen. At the same time, a urine sample was mixed with 0.05 M H 2 SO 4 (1 part urine with 4 parts 0.05 M H 2 SO 4 ) such that the fi nal solution weight was equal to 1% of the daily urinary output and frozen for analysis of urinary purine derivatives and creatinine. Fecal samples were mixed thoroughly by hand, and 10% was sampled and frozen.
Urine (100 mL) and wet feces (500 g) were sampled and frozen (-20°C) for analysis of 15 N enrichments. Urine and fecal samples from d 3 were used for measuring background 15 N and from d 6 for measuring enriched amounts of 15 N.
On d 7 of each period, ruminal bacterial samples were collected for measurement of 15 N enrichment. Approximately 400 mL of ruminal digesta was collected at 2, 6, and 10 h after feeding. The digesta was immediately strained through 4 layers of cheesecloth, and the liquid portion was analyzed for pH. Immediately, 10 mL of strained ruminal fl uid was mixed with 1 mL of 6 M HCl and frozen at -20°C for analysis of ruminal NH 3 . Another 8 mL of the strained ruminal fl uid was mixed with 2 mL of 25% (wt/wt) metaphosphoric acid and frozen at -20°C for analysis of ruminal VFA. Remaining strained ruminal fl uid and ruminal contents were blended (1 min; NuBlend, Waring Commercial, Torrington, CT) with 0.5 L of saline solution (0.9% NaCl) to isolate ruminal bacteria. After blending, the liquid fraction isolated by fi ltration through 4 layers of cheesecloth was immediately frozen (-20°C) and the remaining particulate matter was replaced in the rumen. Ruminal bacteria were isolated by thawing samples of ruminal contents and then centrifuging samples at 500 × g for 20 min at 4°C. Supernatants were centrifuged at 20,000 × g for 20 min to form a bacterial pellet. The pellet was resuspended with saline (0.9% NaCl) and centrifuged again at 20,000 × g for 20 min at 4°C. The bacterial pellets were frozen and freeze-dried.
On d 7 of each period, jugular blood (10 mL) was collected into heparinized Vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ) at 4 h after the morning feeding. Blood was immediately placed on ice, and then centrifuged for 15 min at 1,200 × g for 15 min at 4°C to obtain plasma, which was frozen (-20°C) for later analysis.
Laboratory Analyses. Feed and ort samples were dried at 55°C in a forced-air oven for 72 h, airequilibrated for 24 h, and weighed to determine partial DM. Once dried, samples were ground to pass a 1-mm screen (Thomas-Wiley Laboratory Mill Model 4, Thomas Scientifi c USA, Swedesboro, NJ). The DM of feed, ort, and fecal samples was determined by drying for 24 h at 105°C in a forced-air oven, and OM was determined by ashing for 8 h in a muffl e oven at 450°C. The N content of feed, ort, wet feces, and urine samples was determined through combustion (Nitrogen Analyzer Model FP-2000; Leco Corporation, St. Joseph, MI), and CP was calculated as N × 6.25.
Concentrations of allantoin, uric acid, and creatinine were determined in pooled (d 3 through 6) urine samples by reverse-phase HPLC using the procedure of Shingfi eld and Offer (1999) with adaptations described by Brake et al. (2010) . Ruminal VFA were determined by GLC (Vanzant and Cochran, 1994) . Ruminal and urinary ammonia was measured (Broderick and Kang, 1980) with an AutoAnalyzer (Technicon Analyzer II; Technicon Industrial Systems, Buffalo Grove, IL). Plasma and urinary urea concentrations were determined colorimetrically with an AutoAnalyzer (Technicon Analyzer II) according to the methods of Marsh et al. (1965) . Plasma creatinine (Chasson et al., 1961) and glucose (Gochman and Schmitz, 1972) were measured with an AutoAnalyzer (Technicon Analyzer II). Plasma AA were measured by GLC using a commercial kit (EZ:faast; Phenomenex, Torrance, CA).
Measurement of 15 N enrichment of urinary urea was conducted on N 2 samples produced from Hoffman degradation of urinary urea using techniques similar to those described by Wickersham et al. (2009) . Samples were analyzed with an isotope ratio mass spectrometer (ThermoFinnigan Delta Plus; Thermo Electron Corporation, Waltham, MA) for 28 N 2 , 29 N 2 , and 30 N 2 .
Dried bacterial and fecal samples were analyzed for 15 N enrichment with an isotope ratio mass spectrometer (ThermoFinnigan Delta Plus).
Calculations. Urea kinetics were calculated according to the methods described by Lobley et al. (2000) . Bacterial 15 N enrichments were calculated as 15 N/total N and were corrected for values in the background fecal samples. Bacterial N fl ow (g/d) was calculated from urinary excretion of purine derivatives using the procedures of Chen and Gomes (1992) . The fl ow of bacterial N derived from recycled urea-N (g/d) was calculated by multiplying bacterial N fl ow by the ratio of bacterial 15 N enrichment to 15 N enrichment of urinary urea (calculated as one-half of the 14 N 15 N-urea enrichment plus the 15 N 15 N-urea enrichment; Wickersham et al., 2009) . Renal clearances of urea and creatinine were calculated as the rates of urea or creatinine excretion in urine divided by the concentration of the corresponding metabolite in plasma. Urea clearance as a percentage of fi ltered urea was calculated by dividing urea clearance by creatinine clearance.
Statistical Analyses. Six observations were not used because cattle refused more than 20% of their feed during that observation. For 3 additional observations, urea kinetics data were not included in analyses because urinary enrichments were very low, leading to unreasonably high estimates of urea-N production rates. Data were analyzed using the MIXED procedure (SAS Inst. Inc., Cary, NC). For variables without repeated sampling, terms in the model included period, Leu, energy, and Leu × energy, and steer was included as a random effect. Model terms for fermentation profi le variables were period, Leu, energy, Leu × energy, hour, hour × Leu, hour ×energy, and hour ×Leu × energy, and steer was included as a random term. The repeated term was hour with steer × period serving as the subject, and compound symmetry was used for the covariance structure. Contrasts to evaluate effects of energy included i) control vs. the average of glucose and VFA, and ii) glucose vs. VFA.
Experiment 2: Effects of Steroidal Implant and Methionine Supply
Animals, Treatments, and Conduct of Experiment. This experiment used 6 ruminally cannulated Holstein steers initially weighing 168 kg. The experiment used 2 concurrent 3 × 3 Latin squares, with the 3 steers in 1 square implanted with 24 mg of estradiol and 120 mg trenbolone acetate (Revalor-S; Intervet, Millsboro, DE), and the 3 steers in the other square not implanted. Within each square, treatments were 1 of 3 amounts of L-methionine (0, 3, or 10 g/d). These amounts represent a control (0 g/d), an amount that allows for an easily measurable change in N retention (3 g/d), and an amount that exceeds the requirement of the steers (10 g/d; Campbell et al., 1997) . Steers were implanted 4 d before the start of the experiment (Walker et al., 2007) .
Steers were managed similarly to Exp. 1. The same diet ( Table 1) Urea kinetics were measured with the same methods as Exp. 1. Sample collection and processing, laboratory analyses, and calculations were similar to Exp. 1.
Statistical Analyses. Three observations were not used because cattle refused more than 20% of their feed. Data were analyzed using the MIXED procedure of SAS. Terms in the model included implant, period, Met, and the interaction between implant and Met; steer within implant was included as a random effect. Linear and quadratic contrasts to evaluate effects of Met refl ected the unequal spacing of the Met treatments.
RESULTS AND DISCUSSION

Experiment 1: Effects of Leucine and Energy Supply
Digestion and Nitrogen Utilization. Feed intakes were similar among treatments as a result of limit-feeding steers, but total intakes (feed plus infusates) were increased by energy supplementation due to the greater amounts infused for those treatments ( Table 2) . Digestibilities of OM calculated using feed intake as the denominator tended (P = 0.10) to decrease when energy was supplied, which agrees with the observation of Schroeder et al. (2006b) that ruminal infusions of VFA can lead to slight decreases in fi ber digestion. The reason that abomasal glucose infusion tended to reduce diet digestibility is unknown, but the lack of effect on fecal N excretion suggests that it was not due to poor small intestinal digestion of the glucose, which would be expected to increase microbial growth in the hindgut and thereby increase fecal N output.
Leucine increased (P < 0.01) N retention ( Table 2 ), demonstrating that it was the most limiting AA, whereas increases in energy supply only tended (P = 0.09) to improve N retention. Consequently, increases in leucine and energy supply (as either abomasal glucose or ruminal VFA) decreased urinary N excretion as a result of reductions in urinary urea loss. As expected, the lack of treatment response for urinary allantoin and uric acid excretion (and consequently for microbial N fl ow) suggests that treatments did not affect ruminal microbial growth.
The relatively modest effect of energy supplementation (1.5 Mcal of GE/d) on N retention (2.0 g/d increase) when leucine was the most limiting AA is consistent with the results of Schroeder et al. (2007) , who observed increases in N retention of 1.3 g/d when 1.9 Mcal of GE/d were supplemented to steers limited by leucine supply (i.e., those receiving 0 or 4 g/d of supplemental leucine). The small response to energy supplementation when leucine was limiting suggests that increases in energy supply had only modest effects on the effi ciency of leucine utilization. The lack of interaction between leucine and energy supply for N retention also demonstrates that increases in energy supply did not markedly alter the effi ciency of leucine utilization. Additionally, the data demonstrate that lack of responsiveness was not dependent on energy source, because abomasal infusions of glucose and ruminal infusions of VFA yielded similar responses (P = 0.86).
The incremental effi ciency of leucine utilization averaged 45% (assuming the whole body protein deposition contains 6.7% leucine; Ainslie et al., 1993) . This effi ciency is generally similar to values obtained by Awawdeh (2005 Awawdeh ( , 2006 and slightly greater than the values of 30% for the energy-supplemented steers of Schroeder et al. (2007) .
Plasma Metabolites. Concentrations of PUN (Table 3 ) tended (P = 0.08) to be reduced by leucine supplementation, and this was associated with reductions in urinary urea-N excretion. Energy supplementation also reduced PUN (P < 0.01) with greater response for glucose than for VFA (P = 0.05), particularly in the absence of supplemental leucine [(glucose vs. VFA) × leucine, P = 0.05]. Renal urea clearance and the proportion of fi ltered urea that was reabsorbed were not different among treatments (P > 0.31 for main effects), so urinary urea excretion was largely related to PUN.
As expected, leucine supplementation increased plasma leucine concentrations and decreased those of valine and isoleucine (Löest et al., 2001; Awawdeh et al., 2005 Awawdeh et al., , 2006 . Increases in plasma leucine were relatively modest, suggesting that the 4 g/d of supplemental leucine did not greatly exceed the requirement of the steers. Decreases in plasma valine and isoleucine in response to supplemental leucine could be the result of increased uptake for protein deposition or of the role that leucine plays in regulating branched-chain ketoacid dehydrogenase, the rate-limiting step in catabolism of the branched-chain AA (Block, 1989) . Leucine supplementation also decreased lysine concentrations, but not concentrations of remaining essential AA.
Among the essential AA, energy supplementation reduced only valine and isoleucine concentrations. Nitrogen retention tended (P = 0.09) to be improved by energy supplementation, and the reductions in plasma valine and isoleucine may refl ect the modest increases in protein deposition. During a leucine defi ciency, such as in this experiment, plasma concentrations of valine and isoleucine are modestly increased (Löest et al., 2001; Awawdeh et al., 2005) , and this might allow fairly modest changes in protein deposition to manifest as fairly large decreases in concentration. Energy supplied as abomasal glucose or as ruminal VFA yielded similar (P > 0.22) effects on plasma concentrations of the branched-chain AA.
Energy supplementation decreased (P = 0.04) plasma alanine concentrations, with a greater decrease for glucose than for VFA (P = 0.05). In contrast, energy supplementation increased plasma glycine concentrations (P = 0.03) with a greater increase for glucose than for VFA (P = 0.02). Additionally, plasma concentrations of phenylalanine, tyrosine, and tryptophan were less for steers receiving VFA supplementation than for those receiving glucose (P ≤ 0.03).
Urea Kinetics. In this study, urea production rates and the amount of urea-N recycled to the gut were not affected by treatment (Table 4 ). This may refl ect that changes in protein deposition do not impact urea recycling or that N retention, although signifi cantly improved by leucine supplementation (4.3 g/d), did not demonstrate effects that were large enough to strongly impact urea kinetics. In contrast to urea recycling that was not affected by treatments, urinary excretion of urea was reduced (P ≤ 0.01) by supplementation with either leucine or energy. The reduction in urinary urea-N excretion in response to leucine was not associated with signifi cant shifts in the proportion of urea production that was excreted in the urine (P = 0.51) or the amount of urea produced (P = 0.52), probably because the urea production measurements were not sensitive enough. In contrast, energy supplementation decreased the proportion of urea production that was lost in the urine and increased the proportion that was recycled to the gut (GER/UER; P = 0.05). The proportion of recycled urea that was partitioned to anabolism was increased by glucose, but not by VFA supplementation, which was surprising given that N retention, urea recycling to the gastrointestinal tract, and microbial N fl ow were similar between the 2 energy supplements. Correspondingly, the proportion of recycled urea that was returned to the ornithine cycle (ROC/GER) was reduced by glucose, but not by VFA. The amount of urea-N captured by ruminal microbes (Table 4) was not affected by treatment, and it represented 21% of total microbial N.
Ruminal Fermentation. Ruminal ammonia concentrations (Table 5) were not affected by treatment, which can be explained by cattle on all treatments receiving the same basal diet and by our observations that urea recycling was not affected by treatment (Table 4) and that the energy supplements did not impact microbial N fl ow ( Table 2 ). The average ruminal ammonia concentration of 5.2 mM suggests that adequate ruminally available N was provided from the diet to maximize microbial fermentation in the rumen.
Ruminal pH (Table 5 ) demonstrated some unexpected shifts in response to treatment. Ruminal pH was reduced by abomasal infusion of leucine, which was associated with increases in ruminal concentrations of total VFA (P = 0.01), acetate (P = 0.06), propionate (P < 0.01), and butyrate (P = 0.09). Thus, ruminal pH and VFA concentrations were negatively related to each other as expected. It is possible that postruminal supplementation of leucine altered ruminal function by changing ruminal absorption or passage rate, responses potentially mediated by regulatory peptides released from the intestine.
Ruminal pH was modestly increased (P = 0.05) by energy supplementation, with a similar response for abomasal glucose and ruminal VFA infusions. The increased pH in response to energy supply was associated with decreases (P = 0.04) in acetate and numeric decreases in total VFA (P = 0.12). Ruminal infusion of VFA, when compared with abomasal glucose, did not affect ruminal pH or concentrations of total VFA, acetate, or butyrate, but propionate concentrations were increased by VFA supplementation. Because blood fl ow to the ruminal epithelium is related to absorption rates of VFA, ruminal infusion of VFA, which can increase blood fl ow, might have increased the rates of VFA absorption (Storm et al., 2011) and thereby prevented increases in ruminal concentration in the face of increased supply. The reduced concentrations of isobutyrate and isovalerate in response to ruminal VFA infusion also might refl ect increased rates of VFA absorption.
The ruminal environment can affect urea recycling. Luminal pH has been shown to regulate urea transport across ovine ruminal epithelium maintained in Ussing chambers, with luminal pH of 6.2 to 6.6 leading to greater urea transport than luminal pH of 5.8 or 7.0 (Abdoun et al., 2010) . In our experiment, if the in vitro work of Abdoun et al. (2010) with ovine tissues is applicable to in vivo observations in cattle, the reductions in luminal pH (Table 5 ) in response to leucine supplementation would be expected to reduce urea recycling, whereas the increases in pH in response to energy supplementation might be expected to increase urea recycling. We did not observe differences in urea recycling, which suggests that ruminal pH did not exert huge effects on urea recycling in vivo or that other counterbalancing factors were involved. Ruminal ammonia can also inhibit urea transport (Lu et al., 2011) , but ammonia concentrations were not different among treatments (Table 5) , and thus should not have affected recycling through this mechanism. Dietary protein concentration has been suggested to alter urea transport capacity of ruminal epithelium. Low dietary protein concentrations can lead to increases in urea transport capacity (Muscher et al., 2010) , which may be associated with low ruminal ammonia concentrations (Harmeyer and Martens, 1980) or with low PUN (Muscher et al., 2010) . Plasma urea was reduced by energy supplementation, but it is possible that none of our treatments decreased PUN suffi ciently to stimulate urea transport capacity strongly.
The effects of ruminal environment, if any, on urea transport capacity (related to N inputs) or on regulation of urea transporters (effects of pH and ammonia) were not large enough to affect urea recycling in this experiment, or they yielded counter-balancing responses. Concentrations of PUN are also an important factor in controlling urea recycling because urea recycling is an energy-independent process that requires a urea gradient (Abdoun et al., 2007) . Although PUN was reduced by energy supplementation, treatment responses mediated in this fashion, if any, were too small to detect.
Experiment 2: Effects of Steroidal Implant and Methionine Supply
Digestion and Nitrogen Utilization. Intakes were similar among treatments (Table 6 ). Total tract digestion of OM was less (P ≤ 0.03) for implanted steers than for control steers, likely refl ecting pre-existing differences in steers randomly selected to be implanted. Previous work has not demonstrated an effect of implanting with estradiol/trenbolone acetate on OM digestion (Walker et al., 2007) , and the NRC (1996) suggests that anabolic implants have minimal effect on nutrient utilization. In contrast, Rumsey and Hammond (1990) observed that DM digestion was slightly improved by implantation with estradiol/progesterone. Fecal N was not affected by treatment (P ≥ 0.22).Urinary N was reduced (P = 0.02) by implantation as a result of decreased (P < 0.01) urinary excretion of urea-N. Retained N was numerically (P = 0.13) improved by implantation (5.6 g/d increase).
Supplemental methionine numerically (P = 0.14) reduced urinary N excretion in a linear fashion as a result of a tendency (P = 0.07) for a linear decrease in urinary urea (Table 6 ). Similarly, retained N increased numerically (P = 0.19) in a linear fashion by supplemental methionine (increase from 0 to 10 g/d L-Met = 5.0 g/d). Increases in N retention in response to methionine supplementation have been observed routinely with this experimental model (Campbell et al., 1997; Löest et al., 2002; Awawdeh et al., 2004) .
Urea Kinetics. Urea production rates (Table 7) were reduced (P = 0.03) by implantation and were numerically decreased (P = 0.11) in a linear fashion by methionine supplementation; thus, urea production rates were inversely related to retained N. The reductions in urea production rate in response to implantation led to a numerical decrease in the amount of urea recycled to the gut (P = 0.14) because the proportion of urea production that was recycled was not affected by treatment.
The amount of urea-N returned to the ornithine cycle (Table 7) was reduced (P = 0.05) by implantation, refl ecting the numeric (P = 0.14) differences in the amount of urea-N recycled to the gastrointestinal tract as well as numeric reductions (P = 0.16) in the proportion of recycled urea that returned to the ornithine cycle (ROC/GER). Numeric linear decreases in the amount of urea-N returned to the ornithine cycle in response to methionine (P = 0.12) might be attributable to tendencies (P ≤ 0.09) for methionine supplementation to linearly increase the proportion of recycled urea that was used for anabolic purposes (UUA/ GER) and to linearly decrease the proportion of recycled urea that was returned to the urea cycle (ROC/GER). The changes in urea kinetics that were associated with numeric improvements in protein deposition (N retention) induced by implantation have the potential to affect the dietary protein needs of cattle. Numeric increases in protein deposition in response to implantation were associated with reductions in urea production and numeric reductions in urea recycling, and thereby may increase the dietary requirement for degradable intake protein. Similar conclusions were drawn by Brake et al. (2011) , who found that the feeding of a β-agonist (zilpaterol) increased protein deposition by steers and appeared to reduce urea recycling, although unexplained changes in intake make interpretation of that data diffi cult.
Plasma Metabolites. Shifts in urea production rates in response to treatment were refl ected by numeric decreases in PUN (Table 8 ) in response to implantation (P = 0.13) or to increases in methionine supply (P = 0.17). Decreases in PUN were particularly acute for implanted steers that received at least 3 g/d supplemental methionine. In this experiment, treatment-related decreases in PUN were related to decreases in urea recycling to the gut, which would be expected if regulation of urea transporters was not affected by treatments.
Creatinine clearance (Table 8) was not affected by treatment (P ≥ 0.46), but renal urea clearance tended (P = 0.08) to be reduced by implantation as a result of greater (P = 0.03) reabsorption of the fi ltered urea by the kidney tubules. The shift in renal urea clearance in response to implantation would account for some of the effect of implantation on reduced urinary urea, although shifts in PUN would also play an important role.
General Discussion, Summary, and Conclusions Nitrogen Utilization. Data from Exp. 1 support the observations of Schroeder et al. (2007) that energy supplementation does not strongly affect the effi ciency of leucine utilization. Moreover, the results of Schroeder et al. (2007) were extended by demonstrating that the source of supplemental energy was unimportant; glucose provided abomasally and VFA provided ruminally were similar in their inability to generate a large improvement in N retention.
One possible explanation for the observation that leucine utilization is only marginally sensitive to energy supply is that energy supply regulates protein turnover at least in part through pathways that are also sensitive to AA supply (Rius et al., 2010; Appuhamy et al., 2011) . Work with monogastrics has demonstrated that leucine is an important regulator of protein synthesis and mTOR phosphorylation (Suryawan et al., 2011) . It is possible that, when leucine supply is defi cient, signaling mechanisms such as mTOR are unable to fully respond to increases in energy supply.
A goal of Exp. 2 was to determine if implantation increased the effi ciency of methionine utilization by comparing improvements in N retention between control and implanted steers. Schroeder et al. (2006a, b) demonstrated that the effi ciency of methionine utilization by growing cattle could be improved by energy supplementation, suggesting opportunity for improvement. Although methionine increased N retention, we did not observe a classic response with the greatest incremental increase with lower supplies (i.e., 3 g/d) of methionine. Thus, we were unable to quantify the impact of implantation on methionine use; however, the somewhat greater N retention of implanted steers receiving no supplemental methionine compared with control steers receiving no supplemental methionine suggests that the implant did improve protein deposition under conditions where methionine was limiting, which provides qualitative support for the concept that effi ciency of methionine utilization was improved by implantation.
Urea Kinetics. The modest changes in N retention in Exp. 1 were not associated with any measurable changes in urea kinetics, but the larger N retention responses in Exp. 2 were associated with changes in urea kinetics, notably signifi cant reductions in urea production and numerical reductions in urea recycling. Thus, it is possible that even larger changes in whole-body protein deposition might lead to signifi cant changes in recycling of urea to the gut. 3 UER = Urea-N production rate; UUE = Urinary urea-N excretion; GER = Urea-N recycled to gastrointestinal tract; ROC = Urea-N returned to ornithine cycle; UUA = Urea-N utilized for anabolism; UFE = Urea-N excreted in feces. 2 Largest SEM is reported.
Ostensibly, ruminally available N may be reduced by products that stimulate growth, and increases in dietary N may be necessary to support the same level of ruminal fermentation. Similar conclusions can be drawn from the data of Brake et al. (2011) . Although our data are consistent with the hypothesis that urea recycling may be impacted by changes in protein deposition, the data are not so strong as to rule out the possibility that urea recycling is not greatly impacted by changes in protein deposition; this could occur if the function of the kidney, the gut, or both were regulated so as to maintain urea recycling in the face of reductions in urea production. The generally observed increases in the proportion of urea production that is recycled to the gut when dietary protein intake is decreased (NRC, 1996) demonstrate that regulatory mechanisms quantitatively impact urea recycling (Abdoun et al., 2007; Muscher et al., 2010) . Further work will be needed to verify and quantify the impact of protein deposition on urea recycling before these concepts are applied to diet formulation for ruminants.
